
An extremely metal-deficient globular cluster in the
Andromeda Galaxy

Søren S. Larsen,1∗ Aaron J. Romanowsky,2,4 Jean P. Brodie,3,4 Asher Wasserman4

1Department of Astrophysics/Institute of Mathematics, Astrophysics and Particle Physics,
Radboud University, 6500 GL Nijmegen, The Netherlands

2Department of Physics and Astronomy, San José State University,
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Globular clusters (GCs) are dense, gravitationally bound systems of thousands

to millions of stars. They are preferentially associated with the oldest compo-

nents of galaxies, and measurements of their composition can therefore pro-

vide insight into the build-up of the chemical elements in galaxies in the early

Universe. We report a massive GC in the Andromeda Galaxy (M31) that is

extremely depleted in heavy elements. Its iron abundance is about 800 times

lower than that of the Sun, and about three times lower than in the most iron-

poor GCs previously known. It is also strongly depleted in magnesium. These

measurements challenge the notion of a metallicity floor for GCs and theoreti-

cal expectations that massive GCs could not have formed at such low metallic-

ities.
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Globular clusters (GCs) are roughly spherical agglomerations of thousands to millions of

stars, bound by their mutual gravity, and have central densities that can exceed 106 solar masses

per cubic parsec (M� pc−3) (1). GCs formed early in the history of the Universe and there-

fore record the early stages of galaxy formation and evolution. The nearest neighboring spiral

galaxy, the Andromeda Galaxy, also known as Messier 31 (M31), has a system of GCs that

align spatially and kinematically with stars in the outer parts of the galaxy. The GCs in the

outer parts of M31 appear to belong to at least two kinematically distinct subsystems that were

accreted separately (2).

The GC systems in most galaxies are dominated by clusters with low abundances of el-

ements heavier than hydrogen and helium (“metals”) relative to the composition of the Sun.

However, there appears to be a deficit of GCs at the very lowest metal abundances (“metallici-

ties”) (3). The most metal-poor GCs in the Milky Way have iron abundances of [Fe/H] ≈ −2.5

(4), where square brackets denote the abundance ratios of the elements, relative to the solar

photospheric composition, on a logarithmic scale. The number of iron atoms per hydrogen

atom in the most metal-poor GCs is thus about 300 times lower than in the Sun. The notion of

a metallicity floor for GCs at [Fe/H] = −2.5 is supported by observations of GCs in several

external galaxies (5), and various explanations have been suggested. The correlation between

mass and metallicity for galaxies in the early Universe might set a minimum metallicity for

formation of GCs that are sufficiently massive to survive until the present day, or the formation

of massive GCs could be suppressed at low metallicities due to inefficient gas cooling (3, 5–7).

A metallicity floor for GCs would thus have implications for cluster- and star formation and for

the build-up of metals in galaxies in the early Universe.

Because the metallicity distributions of both GCs and individual stars decline steeply to-

wards low metallicities and are poorly constrained, it remains unclear how statistically signifi-

cant the proposed metallicity floor is. In M31, three clusters with metallicities that may fall in
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the range −2.8 < [Fe/H] < −2.5 are known (8), but the uncertainties are large (0.3-0.4 dex)

and the metallicities may lie well above the floor. Similarly, three GCs in the Sombrero galaxy

may have metallicities below [Fe/H] = −2.5 (9), but the uncertainties on the spectroscopic

measurements are large and the red colors of these clusters suggest higher metallicities.

We investigate the globular cluster RBC EXT8 (hereafter EXT8) in M31, located at right

ascension 00h53m14s.53, declination +41◦33′24′′.5 (J2000 equinox) according to the Revised

Bologna Catalogue (10). From a kinematic analysis (2), EXT8 belongs to the smoothly dis-

tributed component of the M31 halo, and lies at a projected distance of 27 kpc from the galaxy

center. Figure 1 shows a color-magnitude diagram for GCs in M31 (11). With an apparent

magnitude in the g-band of g = 15.87, EXT8 is among the brighter GCs, and its integrated

light color with respect to the u-band (u − g = 1.11) is less red than most of the other GCs,

suggesting a low metallicity. Previous low-resolution spectroscopy yielded an age ≥ 8 Gyr and

[Fe/H] between −2.8 and −2.0 (12, 13).

We obtained a spectrum of the integrated light of EXT8 with the High-Resolution Echelle

Spectrometer (HIRES) (14) on the Keck I telescope on 25 Oct 2019. Given EXT8’s high bright-

ness and compact size, a total integration time of 2400 s was sufficient to obtain a signal-to-noise

ratio of about 200 per Å near the Mg I triplet at 5170 Å. We used a slit width of 1.15′′ which

gave a nominal spectral resolving power R ≡ λ/∆λ ≈ 37000 for wavelength λ and width ∆λ

of a spectral resolution element. The observations covered a spectral range of 3840-8060 Å.

Figure 2 shows the Hβ lines in the spectra of EXT8 and Messier 15 (M15) for comparison,

the latter being one of the most metal-poor GCs in the Milky Way (15). The spectrum of M15

was obtained with the Ultraviolet and Visual Echelle Spectrograph (UVES) on the Very Large

Telescope and has a spectral resolving power similar to that of the EXT8 spectrum (16). M15’s

velocity dispersion (σ = 12.9±0.3 km s−1) is similar to that of EXT8 (σ = 13.3±0.8 km s−1),

allowing direct comparison. Absorption in the Hβ line becomes stronger at younger ages and
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can be used as an age indicator in the spectra of GCs (17). While the blue color of EXT8

could, in principle, be caused by a younger age, Figure 2 shows no discernible difference in the

strengths or shapes of the Hβ lines in the two spectra, indicating that EXT8 is similarly old, so

must be a metal-poor GC.

Figure 3 shows two metallicity-sensitive features. Figure 3A shows the Fe I feature near

4957 Å (actually a blend of several Fe I lines, of which the two strongest are marked), which is

much weaker in the spectrum of EXT8 than in M15. Figure 3B shows two of the three lines of

the Mg I triplet (Fraunhofer’s b feature) at 5167 Å and 5173 Å. The third line, at 5184 Å, falls in

the gap between the two detectors of UVES, but is included in the HIRES spectrum. The Mg I

lines, as well as other lines visible in this region of the spectra, are much weaker in the EXT8

spectrum.

To quantify these results, we analyzed the EXT8 spectrum using a spectral fitting technique

used in previous studies of extragalactic GCs (16, 18). Figure 3 shows the best-fitting model

spectrum for M15 (16), with an iron abundance of [Fe/H]=−2.39 ± 0.02. This model spectrum

is based on a color-magnitude diagram (CMD) of M15 (19). We do not have spatially resolved

data to empirically build a CMD for EXT8, and substituted it with stellar models (20) with a

metal fraction chosen to self-consistently match that derived from the spectral modeling. We

found an iron abundance of [Fe/H]=−2.91±0.04 for EXT8 from model fitting of the wavelength

range 4400-6200 Å (19). These model spectra are also shown in Figure 3. We tested the

assumptions required for the input CMD and found that they do not substantially affect this

measurement (19). We conclude that EXT8 is about 0.5 dex more metal-poor than the value of

[Fe/H]=−2.39 found for M15. This metallicity lies well below the metallicity floor suggested

by previous studies.

At the signal-to-noise ratio of our EXT8 spectrum, most spectral features are weak be-

cause of the low metallicity. Nevertheless, our model fitting yielded abundances for sev-
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eral additional elements. From the Mg I b lines we found a low magnesium abundance of

[Mg/Fe]=−0.35 ± 0.05. Magnesium is thus even more strongly depleted than iron, relative

to the Sun. The other Mg lines that are typically measured in integrated-light GC spectra are

very weak (see Supplementary Text), but are generally consistent with the low magnesium abun-

dance inferred from the b lines: [Mg/Fe]=−0.16+0.27
−0.58 (using Mg I 4571 Å), [Mg/Fe]=−0.96+0.65

−∞

(Mg I 4703 Å), and [Mg/Fe]=−0.35 ± 0.25 (Mg I 5528 Å). The consistency between the mag-

nesium abundances measured from the b triplet and from the weaker lines is supported by prior

analysis of M15, where the weaker lines yielded [Mg/Fe]= +0.18±0.06 (16). From our model

fitting of M15, we find an almost identical abundance of [Mg/Fe]= +0.17 ± 0.02 (using the

two Mg b lines included in the UVES spectrum). Magnesium is among the elements thought to

be produced via the α process (21). For other α-elements, we find average abundance ratios of

[Si/Fe]=+0.65± 0.31, [Ca/Fe]=+0.35± 0.07, and [Ti/Fe]=+0.19± 0.06 for EXT8 (19). Rela-

tive to iron, these elements are thus on average enhanced by roughly a factor of two compared

to the composition of the solar photosphere.

The enhanced abundances of silicon, calcium, and titanium are typical for metal-poor,

old populations, which is usually attributed to enrichment of α-elements dominated by core-

collapse supernovae (22). However, the very low magnesium abundance is not easily explained

within this framework. It may be related to the phenomenon of multiple stellar populations

in GCs, of which the outer halo cluster NGC 2419 is one of the most extreme cases in the

Milky Way (23, 24). In NGC 2419, some individual stars have magnesium abundances as low

as [Mg/Fe] = −1, although more typical values for the Mg-depleted stars in NGC 2419 (which

constitute about 40% of the stars in this cluster) are [Mg/Fe] ≈ −0.5. The distribution of

[Mg/Fe] values within EXT8 is not constrained by our measurements, but the [Mg/Fe] value

measured from the integrated light can be reproduced if the cluster contains two populations

with [Mg/Fe] ≈ −1.0 and [Mg/Fe] ≈ +0.3 that each account for about half of the stars (19).
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In this case, a larger difference between two populations is required in EXT8 than in NGC 2419.

Further evidence for multiple populations in EXT8 comes from the abundance of sodium.

From the Na I resonance doublet at 5890, 5896 Å (Fraunhofer’s D feature) we find sodium

to be enhanced relative to scaled-solar composition, [Na/Fe]=+0.23 ± 0.07, as is commonly

observed in GCs (25). However, the D lines may be contaminated by absorption from interstel-

lar gas along the line-of-sight towards EXT8. Other Na I lines that are immune to this effect

are very weak in the spectrum of EXT8, but from the doublet at 5683, 5688 Å we measure

[Na/Fe]=+0.26+0.32
−∞ , which is consistent with the value inferred from the D lines.

In NGC 2419, the Mg-poor stars are also enriched in K, reaching [K/Fe] ≈ +1.5 (23, 24).

For EXT8 we measure [K/Fe] = +0.67±0.15, but this value may require correction downward

by about 0.3 dex to account for our assumption of local thermodynamic equilibrium in the

spectral modeling (26). This would then make the [K/Fe] ratio in EXT8 similar to that observed

in metal-poor halo stars in the Milky Way and in M15 (27). Hence, we find no evidence of a

K-enriched population in EXT8.

From the model fitting, we also determined the velocity broadening of the observed spec-

trum. The line-of-sight velocity dispersion, corrected for instrumental broadening, is σ =

13.3 ± 0.8 km s−1. The half-light radius of EXT8 is 2.8 pc, leading to an estimated dynamical

mass ofMdyn = (1.14±0.16)×106M� (19). For an absolute magnitude in the V -band ofMV =

−9.28 (28), the corresponding mass-to-light ratio in solar units is Mdyn/LV = 2.6M�/L�,V ,

whereLV andL�,V are the luminosities of EXT8 and the Sun in the V -band. EXT8 thus extends

the trend for metal-poor GCs to have high M/L values (29). A lower M/L would be expected

for a younger age, so the measured value is consistent with EXT8 being an old, metal-poor

system.

Figure 4 shows a comparison of EXT8 with previous integrated-light spectroscopy of Galac-

tic and extragalactic GCs (16,18), along with literature data for individual stars in Galactic GCs
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and individual stars (30, 31). EXT8 is an outlier in a [Mg/Fe] vs. [Fe/H] plot (Fig. 4A), being

more metal-poor than other GCs and more magnesium poor than individual stars with similarly

low iron abundances. The GCs have a larger spread in [Mg/Fe] than the individual stars, with

scatter towards lower magnesium abundances. This has previously been interpreted as a signa-

ture of multiple populations (32,33). When excluding magnesium, Figure 4B shows that EXT8

has an [α/Fe] ratio (here defined as the average of [Ca/Fe] and [Ti/Fe]) that overlaps with those

seen in individual metal-poor stars and in other GCs.

Within the standard paradigm of hierarchical galaxy assembly, metal-poor GCs are expected

to have formed in the early Universe in low-mass galaxies that merged to form larger galaxies

(6, 7, 34). The correlation between the mass and metallicity of galaxies therefore imprints a

maximum mass for a GC that could form with a given metallicity. At [Fe/H] = −2.9, the

maximum mass is expected to be about 105M� (6,7). The existence of a possible remnant of a

disrupted GC in the Milky Way with [Fe/H] = −2.7 and an estimated mass below 105M� (35)

is consistent with this notion. However, clusters as massive and metal-poor as EXT8 should

be extremely rare. In a simulation of 10553 GCs with masses greater than 105M�, only three

(∼0.03%) had [Fe/H] < −2.5 and masses above 106M� (36), where we have converted the

total metal fractions in (36) to [Fe/H] values (19). If half of the 400–500 GCs in M31 (10) have

masses greater than 105M�, this would correspond to a probability of 6–7% of finding a single

GC as massive and metal-poor as EXT8.
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Figure 2: Comparison of the Hβ lines in the spectra of EXT8 (blue) and Messier 15 (or-
ange). The very similar Hβ line profiles in the two spectra indicate similar, old ages for the two
clusters.
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